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Abstract: Objectives: To validate that dexlansoprazole, an anti-acid drug, can prevent pulmonary artery hypertension (PAH) in preclinical animal models and find the possible mechanism of action of dexlansoprazole for this new
indication. Methods: The efficacy of dexlansoprazole to attenuate PAH in vivo was evaluated in PAH animal models.
Plasma guanosine 3’, 5’-cyclic phosphate (cGMP) in PAH rats was measured by enzyme linked immunosorbent
assay (ELISA). To investigate the anti-PAH effect of dexlansoprazole in vitro, proliferation and migration assays of
primary cultured pulmonary artery smooth muscle cells (PASMCs) were performed. Furthermore, dexlansoprazole’s
function on fibroblast transition of vascular smooth muscle cells (VSMC) was explored by single cell ribonucleic acid
(RNA) sequencing and RNAscope. Results: Dexlansoprazole could attenuate the pathologic process in monocrotaline (MCT)-, hypoxia-induced PAH rats and SU5416/hypoxia (SuHy)-induced PAH mice. The intervention with dexlansoprazole significantly inhibited elevated right ventricular systolic pressure (RVSP), right ventricular hypertrophy, and
pulmonary vascular wall thickness. Furthermore, plasma cGMP in MCT-induced PAH rats was restored after receiving dexlansoprazole. In vitro, dexlansoprazole could inhibit PASMCs’ proliferation and migration stimulated by platelet derived growth factor-BB (PDGF-BB). Moreover, dexlansoprazole significantly ameliorated pulmonary vascular
remodeling by inhibiting VSMC phenotypic transition to fibroblast-like cells in a VSMC-specific multispectral lineagetracing mouse. Conclusions: Dexlansoprazole can prevent PAH through promoting cGMP generation and inhibiting
pulmonary vascular remodeling through restraining PASMCs’ proliferation, migration, and phenotypic transition to
fibroblast-like cells. Consequently, PAH might be a new indication for dexlansoprazole.
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Introduction
Pulmonary arterial hypertension (PAH) is a rare
and malignant disease defined as mean pulmonary arterial pressure (mPAP) ≥ 25 mmHg at
rest. To promote patient care earlier, the diagnosis threshold was advised to be decreased
to 20 mmHg [1]. PAH is characterized by sustained pulmonary vasoconstriction and progressive vascular remodeling, which leads to
right ventricular failure and premature death
ultimately [1]. It is reported that elevated pulmonary vascular tone is caused by the imbal-

ance of vasodilators such as nitric oxide (NO)
[2] and prostacyclin [3, 4], and vasoconstrictors such as endothelin-1 (ET-1). Though several target therapies including endothelin receptor antagonists (ERA), prostacyclin analogs and
derivatives, phosphodiesterase-5 inhibitors
(PDE-5i) and soluble guanylate cyclase (sGC)
stimulator are available for the treatment of
PAH [5], the poor prognosis and high mortality
remain unresolved [6].
Current therapies for PAH are essentially pulmonary vasodilators. However, there is a theory
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that the process of pulmonary vascular remodeling drives media hypertrophy, intimal proliferation, and vascular fibrosis, which are predominant pathological feature of PAH [7]. Pulmonary
artery smooth muscle cells (PASMCs) have
been widely proven to participate in pulmonary
vascular remodeling [8, 9]. PASMCs maintain
a contractile phenotype in normal pulmonary
arteries to regulate vasomotor tone and vessel
caliber [10]. In response to hypoxia, PASMCs
undergo an aberrant phenotypic switching to
fibroblasts that induces vascular fibrosis [10].
PASMCs in vascular lesions of patients with
PAH exhibit a tumor-like phenotype such as
abnormal hyperproliferation, resistance to apoptosis, and altered energy metabolism [11].
Current PAH-specific therapies primarily rely
upon vasodilation rather than the process of
vascular remodeling.
Soluble guanylate cyclase (sGC) is an attractive
target for PAH. Its activation was reported to
be able to reverse pulmonary vascular remodeling [12]. To demonstrate that dexlansoprazole
might stimulate sGC and inhibit PAH, we performed several in vivo experiments and found
that dexlansoprazole increased guanosine 3’,
5’-cyclic phosphate (cGMP) production and displayed good efficacy in inhibiting pulmonary
hypertension and vascular remodeling in a
monocrotaline (MCT)-induced rat model, a
hypoxia-induced rat model and a SU5416/
hypoxia (SuHy)-induced mouse model. In vitro,
dexlansoprazole suppressed proliferation and
migration of PASMCs induced by platelet derived growth factor-BB (PDGF-BB). Finally, single cell RNA-sequencing technology was applied to characterize the transcriptomes of
PASMCs from Myh11 CreERT2-ROSA floxed STOP
RFP-inducible lineage tracing mice of a SuHyinduced PAH model at the single cell level. 15
clusters were identified, and two clusters with
increased hyaluronidase 1 (Has1) and lumican
(Lum) were characterized as fibroblast-like cells. RNA scope characterized the spatial distribution of Has1 and Lum in RFP+ cells from lung
tissues of the PAH mouse model with or without
dexlansoprazole treatment. Our data showed
that two clusters of fibroblast-like cells (RFP+
Lum+ or RFP+ Has1+) exhibited increased expression of genes involved in the SuHy-induced PAH model, which was reversed in dexlansoprazole-treated mice.
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Together, our work demonstrated that dexlansoprazole, a new generation of acid suppression drug used for hydrochloric acid-related
relux, could alleviate PAH progression mainly
through inhibiting PASMC to fibroblast transition. Thus, dexlansoprazole may be a new
option for PAH.
Materials and methods
Mice and rats
All experimental procedures conformed to the
agreement of the Ethics Committee on Laboratory Animal Care and the Guidelines for
the Care and Use of Laboratory Animals in
Shanghai, China and approved by Laboratory
Animal Ethics Committee of East China University of Science and Technology (ECUST2022-074). C57BL/6 mice and Sprague-Dawley
(SD) rats were obtained from Shanghai Sipprbk Laboratory Animal Co., LTD (Shanghai,
China). Myh11-CreERT2 mice (#019079) and
Gt (ROSA) 26Sortm9 (CAG-tdTomato) Hze
(R26mTmG/+) mice (#007909) were purchased from Jackson Laboratory. Mice used for
SuHy-induced PAH model establishment were
C57BL/6 background. All animals were housed
in an environment with a 12 h-light/dark cycle,
and provided with enough water and food.
Materials
Dimethylsulfoxide (DMSO) and paraformaldehyde (PFA) were from Sigma Aldrich (St Louis,
MO, USA). MCT was purchased from Biopurify
Phytochemicals Ltd. (Chengdu, China) and dissolved as 12 mg/mL in normal saline with 20%
(v/v) absolute ethanol. Antibodies against Lum
and α-smooth muscle actin (α-SMA) were obtained from Abcam (Cambridge, UK) and Has1
antibody was from Thermo Scientific (Waltham,
US). SU5416 was purchased from MCE (NJ,
US). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Hyclone Laboratories
(Logan, UT, USA). Fetal bovine serum (FBS),
GlutaMAX, and trypsin-EDTA were from Gibco
BRL (Grand Island, NY, USA). 3-(4, 5-Dimethythiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide
(MTT) was purchased from Sangon Biotech
(Shanghai, China). Transwell system was obtained from Corning (Cypress, CA). Recombinant rat PDGF-BB was from Absin Bioscience
Inc. (Shanghai, China).
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Culture of primary rat PASMCs
Primary rat PASMCs were isolated from the
first branch of the pulmonary artery of SD rats.
Briefly, 6-week-old SD rats were anaesthetized
with urethane (20%, w/v%, ip). Then, the first
branch of the pulmonary artery was removed
and washed with D-Hanks for several times.
The adventitia was separated carefully and the
intima was shaved lightly. The tissue was cut
into small pieces and cultured in medium containing DMEM, 20% FBS, 100 U·mL-1 penicillin,
and 100 mg·mL-1 streptomycin in a humidified
atmosphere of 95% air and 5% CO2 at 37°C.
Fresh medium was replaced every 3 days.

migrated cells were removed. Five random
fields were randomly chosen for observation
and photography.
cGMP assay
To measure the cGMP concentration in plasma,
blood sampling from the abdominal aorta was
taken after the last administration. Plasma was
obtained by centrifuging the clotted blood at
3500 rpm for 10 min (Eppendorf, Germany).
Enzyme linked immunosorbent assay (ELISA)
for rat plasma cGMP was carried out using a
commercial kit (Elabscience, China), in accordance with the manufacturer’s protocol.

Cell proliferation assay

MCT-induced PAH rats model

MTT assay was performed to detect proliferation of PASMCs. Cells were seeded in a 96-well
cell culture plate at a density of 3000 cells per
well. Proliferation of the PASMCs was induced
by PDGF-BB (20 ng/mL) in DMEM with or without 5-100 μmol/L dexlansoprazole pre-treatment (2 h). After 48 h, 10 μL MTT solution (5
mg/mL) was added into each well and co-incubated for 4 h at 37°C to form formazan crystals, which were subsequently dissolved by
replacing culture medium with 120 μL DMSO.
Finally, OD 490 nm absorbance was measured
using a Synergy 2 multi-mode microplate reader (BioTek, USA).

Male SD rats (180-200 g) were randomly divided into six groups: (1) Control group, (2) MCT
group, (3) MCT + selexipag (po, 1 mg/kg twice
daily), (4) MCT + low dose dexlansoprazole (po,
5 mg/kg once daily), (5) MCT + medium dose
dexlansoprazole (po, 10 mg/kg once daily), and
(6) MCT + high dose dexlansoprazole (po, 20
mg/kg once daily), 6 rats/group. On the first
day, rats of five of the groups received a single
injection of MCT (60 mg/kg) subcutaneously,
while one group was given saline and served as
controls. Subsequently, rats in different groups
were given selexipag, dexlansoprazole, or vehicle respectively for 21 days.

Cell migration assay

Hypoxia-induced PAH rat model

For wound healing assay, PASMCs (2 × 105
cells/mL) were seeded into a 12-well plate. On
the second day, a 10-µL pipette tip was drawn
across the center of the well to make a straight
scratch. After being rinsed with PBS for three
times, DMEM containing 2% FBS plus dexlansoprazole and PDGF-BB (20 ng/mL) were added to each well. Cell migration was detected
with a light microscope (Nikon, Tokyo, Japan)
after incubation for 0, 12, or 24 h. The migration width was analyzed for comparison.

After 1 week of adaptation, 48 male SD rats
were divided into 6 groups (n = 8): (1) normoxia
group, (2) hypoxia group, (3) hypoxia group +
low dose dexlansoprazole (po, 5 mg/kg once
daily), (4) hypoxia group + medium dose dexlansoprazole (po, 10 mg/kg once daily), (5) hypoxia group + high dose dexlansoprazole (po, 20
mg/kg once daily) and (6) hypoxia group +sidenafil (po, 10 mg/kg once daily). Rats in the normoxic group and other groups were respectively housed in ambient barometric pressure and
a hypobaric hypoxia chamber (10% O2) 8 h/day
for 28 days.

For transwell assay, PASMCs (1 × 105 cells)
were loaded onto the upper chamber while
DMEM containing dexlansoprazole (100 µM)
and/or PDGF-BB (20 ng/mL) were added into
the lower chamber. After co-culturing at 37°C
for 6 h, the cells that had migrated into the
lower chamber were fixed with 4% PFA and
stained by 0.1% crystal violet while the non-
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Hemodynamic measurements for rats
The right external jugular vein of rats was separated after being injected with 20% (w/v) urethane at the end of last drug administration.
Then a 0.5% heparin-filled blunt-ended PE 50

Am J Transl Res 2022;14(8):5466-5479

Dexlansoprazole prevents pulmonary artery hypertension
catheter connected to PowerLab Data Acquisition System (AD Instruments, Australia) was
positioned into the right ventricle through the
superior vena cava and right atrium. Next, the
right ventricular systolic pressure (RVSP) was
recorded.
SU5416/hypoxia-induced PAH mouse model
Male mice (8-week-old) were injected with
SU5416 (20 mg/kg) subcutaneously, and were
then exposed to hypoxia (10% O2) for 4 weeks.
SU5416 was suspended in carboxymethylcellulose (CMC) solution (0.5% [w/v] CMC sodium,
0.9% [w/v] sodium chloride, 0.4% [v/v] polysorbate 80, and 0.9% [v/v] benzyl alcohol in deionized water). After being hypoxia-induced for 2
weeks, dexlansoprazole was administrated at
a dose of 10 mg/kg/day and cells remained in
a normoxic environment. 2 weeks later, mice
were anesthetized by intraperitoneal injection
with tribromoethanol (dissolved in amylene
alcohol at storage concentration of 1 g/mL,
diluted with dd water at a working concentration of 12 mg/mL, and dosage was 192 mg/
kg), then laid in a supine position on a heating
platform and ventilated through a transtracheal catheter. A left parasternal incision was
made and small parts of the ribs were carefully
resected. A 1.2-F (for mice) micro-tip pressure
transducer catheter (Millar Instruments, Houston, TX, USA) was carefully inserted into the
right ventricular apex, and Right ventricular systolic pressure (RVSP) was continuously recorded for 2 min using the PowerLab Data Acquisition System.
Histological analysis
The heart after removal of residual blood, was
divided into right ventricle (RV) and left ventricle (LV) plus septum (S). Then RV and LV plus S
were weighed respectively, to calculate the
weight ratio of RV/(LV+S). The right lung tissues
were embedded in paraffin and cut into 5-µm
slices followed by haematoxylin-eosin (H&E)
staining. 14 or 15 pulmonary arterioles in each
sample (categorized as < 50 μm and > 50 μm
in diameter) were measured by Image-Pro Plus
software 6.0.
Immunostaining
For immunofluorescence, lung tissue sections
were blocked in TBST containing 12% Bovine
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serum albumin (BSA), dissolved in phosphate
buffered solution (PBS) containing 0.01% TritonX-100, and stained with primary antibodies
(1:2000) overnight at 4°C. After incubation with
Alexa Fluor-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA) staining, nuclear staining was performed with DAPI (5 mg/mL,
Invitrogen, Carlsbad, CA). Then sections were
mounted with ProLong® Gold Antifade Reagent
(Invitrogen, Carlsbad, CA) on glass slides and
were visualized using a confocal microscope
(Nikon, A1R, Japan).
For immunohistochemistry, lung tissue sections were stained with α-SMA mouse antibody, followed by horseradish peroxidase (HRP)conjugated anti-mouse IgG (Servicebio, China).
Slides were developed with DAB peroxidase
substrate (Servicebio, China) and counterstained with hematoxylin. Stained sections were
observed under an optical microscope (Leica,
China) and photographed.
Tamoxifen-induced genetic lineage tracing
Tamoxifen was dissolved in corn oil to 20 mg/
mL. and gave to Myh11-CreERT2 mice at day 1,
day 3, and day 5 at a dose of 200 mg/kg (po).
Then samples were collected at indicated time
points.
Single cell sequencing
BD Resolve system (BD Genomics, Menlo Park,
CA) was applied to capture transcriptomic information of single pulmonary vascular smooth
muscle cells (VSMCs) from PAH mice. Lung tissues from PAH mice were digested and dissociated into single cells enzymatically, and then
flow cytometry was used to sort RFP+ Lgr6 VSMCs [13]. Single cell sequencing was processed as previously described [14].
Single cell capture was acquired by random distribution of a single cell suspension across >
200,000 microwells with a limited dilution
approach. Beads combined with oligonucleotide barcodes were added to saturation so
that a bead was paired with a cell in a microwell. Poly-adenylated RNA molecules were hybridized to the beads in cell lysis buffer. Beads
were collected for complementary deoxyribonucleic acid (cDNA) synthesis and the 5’ end of
each cDNA had added to it, a molecular index
and cell label to indicate cell source. The tran-
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scriptome libraries were prepared using the
BD Resolve single cell whole transcriptome
amplification workflow. Next, second strand
cDNA was synthesized and followed by ligation
of adaptor for universal transcriptome amplification. Sequencing libraries were prepared
with random priming PCR of the whole transcriptome amplification products. Sequencing
libraries were quantified with a High Sensitivity
DNA Chip (Agilent, USA) on a Bioanalyzer 2100
and the Qubit High Sensitivity DNA Assay
(Thermo Fisher Scientific, USA). 1.5 pM of each
sample in the library was added to a NextSeq
500 system and sequenced using High Output
sequencing kits (75 × 2 bp) (Illumina). The BD
Resolve analysis pipeline was used for processing sequencing data. Molecular indices
and cell labels were identified and genes were
determined by alignment against the gene code
comprehensive reference. Single cell sequencing and data analysis were processed by Genechem Co. (Shanghai, China).
RNAscope assay procedure for RNA detection
RNAscope Assay kit was purchased from ACD
Bio-Techne (Newark, US). For lung tissues, tissue sections in 5-μm thickness were deparaffinized in xylene, followed by dehydration in an
ethanol series. Tissue sections were then placed into citrate buffer (10 nmol/L, pH = 6) at
boiling temperature (100°C to 103°C) in a hot
plate for 15 min. After rinsing by deionized
water, 10 μg/mL protease (Sigma-Aldrich, St.
Louis, MO) was added and co-incubated at
40°C for 30 min in a HybEZ hybridization oven
(Advanced Cell Diagnostics, Hayward, CA).
Hybridization with target probes, preamplifier,
amplifier, and labeled probe and chromogenic
detection were as described above for cultured
cells. To prepare and fix FFPE samples optimally, assay conditions like the pretreatment conditions were explored according to American
Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) guidelines [14]
(10% neutral buffered formalin for 6 to 72 h at
room temperature).
Positive and negative controls were performed in parallel to get interpretable results. The
endogenous housekeeping gene UBC and bacterial gene dapB were used as positive control
and negative control. Photos were taken with
a Confocal Laser Scanning Microscope (Carl
Zeiss, Oberkochen, Germany).
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Statistical analysis
All data were expressed as the mean ± SEM.
Data were analyzed using SPSS software, version 25.0. The Student’s t test was performed
to compare 2 data sets, while one-way analysis
of variance (ANOVA) was to assess three or
more groups. P < 0.05 was regarded as significant.
Results
Dexlansoprazole induced cGMP production
and suppressed the progression of MCTinduced PAH in rats
sGC, a unique endogenous receptor of NO, is a
clinically validated target for PAH. On binding
with NO, sGC catalyzes the conversion from
guanosine triphosphate (GTP) to cGMP, which
can induce vasodilation, suppress VSMC proliferation and vascular fibrosis [15]. Previously
we found that dexlansoprazole might bind to
sGC [16]. Further research indicated that a
decreased level of plasma cGMP in MCT-treated group was moderately reversed by dexlansoprazole treatment for 3 weeks (P < 0.05 vs.
MCT) (Figure 1A). We also examined the therapeutic effects of dexlansoprazole on pulmonary
hemodynamic and pulmonary vascular remodeling in MCT-treated rats (Figure 1B). Dexlansoprazole (5 mg/kg, 10 mg/kg and 20 mg/kg)
significantly attenuated the increase in RVSP
[(67.51 ± 9.11) mmHg, (67.20 ± 4.18) mmHg
and (55.95 ± 4.37) mmHg vs. MCT (59.29 ±
8.17 mmHg), P < 0.05, P < 0.05 and P < 0.01]
(Figure 1C). After MCT challenged for 3 weeks,
the MCT-treated group showed an increased
ratio of RV/(LV + S) (P < 0.001 vs. CON), which
was reversed by dexlansoprazole at a dosage
of 20 mg/kg (P < 0.05 vs. MCT) (Figure 1F).
Selexipag, a newly approved selective prostacyclin receptor agonist [16], was set as a
positive control in this experiment. Additionally,
dexlansoprazole decreased pulmonary vascular wall thickness and α-SMA expression, indicating that dexlansoprazole could alleviate
MCT-induced pulmonary vascular remodeling
(Figure 1D, 1E).
Dexlansoprazole ameliorated hypoxia-induced
PAH in rats and SuHy-induced PAH in mice
We next explored the pulmonary hemodynamic
and histologic changes of rats exposed to a
hypoxic environment and dexlansoprazole (FiAm J Transl Res 2022;14(8):5466-5479
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Figure 1. Dexlansoprazole prevents the development of MCT-induced PAH in rats. A. Plasma cGMP concentration
from MCT induced PAH rats. *P < 0.05; ***P < 0.001 (n = 6). B. Protocol for administration of dexlansoprazole
to MCT-challenged rats. C. Effect of dexlansoprazole administration on RVSP in rats induced by MCT with dexlansoprazole treatment. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 6). D. Representative H&E-stained lung sections
and immunofluorescence images of α-smooth muscle actin (α-SMA; green) from rats injected with MCT with dexlansoprazole treatment. Scale bars: 50 μm for 20x. E. Quantification of the ratio of vascular media thickness to total
vessel size for rats exposed to MCT with dexlansoprazole treatment. *P < 0.05; **P < 0.01; ***P < 0.001 (n =
6). CON: control; MCT: monocrotaline; Dlan-L: dexlansoprazole (5 mg/kg, po) treatment; Dlan-M: dexlansoprazole
(10 mg/kg, po) treatment; Dlan-H: dexlansoprazole (20 mg/kg, po) treatment; Sele: selexipag (1 mg/kg, bid); Rio:
riociguat (10 mg/kg, po). F. RV/(LV + S) in rats induced by MCT with dexlansoprazole treatment. *P < 0.05; ***P <
0.001 (n = 6). Data represent mean ± SEM. Statistical significance was evaluated by one-way ANOVA. CSA indicates
cross-sectional area.

gure 2A). Daily administration of high dosage
dexlansoprazole (20 mg/kg, po) for 28 days
notably ameliorated hypoxia-induced PAH by
reducing RVSP to 57.57 ± 3.96 mmHg (P <
0.05 vs. hypoxia) (Figure 2B). Furthermore, dex-
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lansoprazole modestly suppressed hypoxiainduced pulmonary vascular thickening (Figure
2D), as indicated by decreased α-SMA expression (Figure 2D) and pulmonary artery wall
thickness (media/CSA) (Figure 2E).
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Figure 2. Dexlansoprazole suppresses the progression of hypoxia-induced PAH in rats. A. Protocol for hypoxia-induced PAH in rats. B. RVSP in rats exposed to hypoxia with dexlansoprazole treatment. *P < 0.05; ***P < 0.001
(n = 8). C. RV/(LV + S) in rats exposed to hypoxia with dexlansoprazole treatment. *P < 0.05; ***P < 0.001 (n =
8). D. Representative H&E-stained lung sections and immunostained images of α-SMA (brown) from rats exposed
to hypoxia with dexlansoprazole treatment. Scale bars: 50 μm for 20x. E. Quantification of the ratio of vascular
media thickness to total vessel size for rats exposed to hypoxia with dexlansoprazole treatment. *P < 0.05; **P <
0.01; ***P < 0.001 (n = 6). Normoxia: 21% O2; Hypoxia: 10% O2; Dlan-L: dexlansoprazole (5 mg/kg, po) treatment;
Dlan-M: dexlansoprazole (10 mg/kg, po); Dlan-H: dexlansoprazole (20 mg/kg, po). Sidenafil: 10 mg/kg, po. Data
represent mean ± SEM. Statistical significance was evaluated by one-way ANOVA.

A SuHy-induced PAH mice model was established to further assess the therapeutic potential of dexlansoprazole for PAH (Figure 3A).
Mice in the model group developed a significant elevation in RVSP (Figure 3B) and RV/LV +
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S (Figure 3C) compared to placebo mice
exposed to normoxia. Likewise, dexlansoprazole (10 mg/kg and 20 mg/kg) exhibited a significant reduction in RVSP [10 mg/kg (22.50 ±
1.94) mmHg, 20 mg/kg (20.91 ± 2.70) mmHg
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Figure 3. Dexlansoprazole attenuates SU5416/hypoxia-induced PAH in mice. A. Protocol for HySu-induced PAH in
mice. B. RVSP in mice exposed to SU5416/hypoxia with dexlansoprazole treatment. **P < 0.01; ***P < 0.001 (n =
7-8). C. RV/(LV + S) in mice exposed to SU5416/hypoxia with dexlansoprazole treatment. **P < 0.01; *** P < 0.001
(n = 8). D. Representative H&E sections and immunofluorescence images of α-SMA (green) from rats exposed to
SU5416/hypoxia with dexlansoprazole treatment. Scale bars: 50 μm for 20x. E. Quantification of the ratio of vascular media thickness to total vessel size for mice exposed to SU5416/hypoxia with dexlansoprazole treatment (diameter < 50 μm); *P < 0.05, ***P < 0.001 (n = 6). F. Quantification of the ratio of vascular media thickness to total
vessel size for mice exposed to SU5416/hypoxia with dexlansoprazole treatment (diameter > 50 μm) (n = 6). Scale
bars: 50 μm. Normoxia: 21% O2; Hypoxia: 10% O2; SU5416: 20 mg/kg, ip. Data represent mean ± SEM. Statistical
significance was evaluated by one-way ANOVA.

vs. SuHy (34.76 ± 2.37) mmHg, P < 0.01 and P
< 0.001] (Figure 3B). Consistently, dexlanso5473

prazole treatment reduced RV/(LV + S) [10 mg/
kg (0.30 ± 0.02), 20 mg/kg (0.32 ± 0.01) vs.
Am J Transl Res 2022;14(8):5466-5479
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SuHy (0.40 ± 0.02) mmHg, P < 0.01] (Figure
3C) and α-SMA expression (Figure 3D). Intriguingly, dexlansoprazole was shown to inhibit
wall thickness of vessels with diameter < 50
μm, indicating its effect on attenuating vascular remodeling in small pulmonary arteries.
(Figure 3E, 3F).
Dexlansoprazole inhibited PDGF-BB-induced
excessive proliferation and migration of
PASMCs
The uncontrolled proliferation and migration of
PASMCs are crucial events in vascular remodeling. Thus, we performed MTT assay to evaluate cell viability in the absence or presence of
dexlansoprazole (5, 10, 50, 100 μmol/L). The
data showed that dexlansoprazole decreased
PDGF-BB-induced rat PASMCs proliferation in a
concentration-dependent manner but had little
influence when incubated with PASMCs alone
(Figure 4A, 4B). Next, we monitored the migration of rat PASMCs treated with dexlansoprazole by a traditional scratch wound healing
assay. Dexlansoprazole concentration-dependently reduced PDGF-BB-stimulated migration
width after 12 h and 24 h incubation (Figure
4C, 4D). To rule out the impact of cell proliferation, a transwell assay was performed and consistently showed that dexlansoprazole (100
μmol/L) strikingly attenuated the migration
ability of PASMC treated with PDGF-BB (about
50% suppression compared with untreated
PDGF-BB) (Figure 4E, 4F).
Dexlansoprazole inhibited VSMC to fibroblast
transition in SuHy-induced PAH in mice
A genetic lineage tracing system for Myh11expressing cells by crossing Myh11-CreERT2
with R26-tdTomato mouse was applied for
labeling of smooth muscle lineage (Figure 5A).
To examine the efficiency of VSMC-specific RFP
expression in lineage tracing mice, Myh11CreER R26-tdTomato mice received tamoxifen
(Tam) and tissues were collected after 6 days
for induction efficiency analysis and after 28
days for single cell sequencing (Figure 5B).
Immunostaining showed co-localization of
Myh11 and RFP in both pulmonary arteries and
airways (Figure 5C). It has been reported that
Lgr6 was specially expressed in airway smooth
muscle cells [17]. Thus, RFP+ Lgr6 - cells were
defined as pulmonary VSMCs and sorted by
flow cytometry. Flow cytometric analysis show5474

ed that 21.7% of cells were labeled with RFP in
total lung lysate, whereas 50.7% of RFP+ cells
were in the absence of Lgr6 expression, which were identified by scRNA-seq (Figure 5D).
4933 cells were obtained, and on average,
1565 genes were detected per cell. Based on
Uniform Manifold Approximation and Projection (UMAP) analysis, we identified 15 clusters
including endothelial-like (clusters 0, 1, 4, 5)
and fibroblast-like populations (clusters 2, 3,
10) based on marker gene expression (Figure
5E). Endothelial cell markers Pecam1 (Platelet
endothelial cell adhesion molecule 1) and Cdh5
(Cadherin 5) and (Figure 5F, 5G). and fibroblast
markers Dcn (Decorin) and Col1a1 (Collagen
1a1) were highly expressed but there was a
decrease in Myh11 expression (Figure 5H, 5I).
Further GO pathway analysis revealed that
ECM-receptor interaction and focal adhesion
related pathways were enriched in fibroblastlike cells (Cluster 2, 3, 10), indicating the function of these cells in vascular fibrosis (Figure
S1). Mapping the fate of RFP+ Lgr6 - cells
revealed VSMCs as the predominant source of
endothelial-like and fibroblast-like cells that
populate remodeled pulmonary vessels in the
chronic hypoxia mouse model. Moreover, to
reveal the positional information of Myh11+
cell-originated fibroblast-like cells in the vessel
walls, we detected the Lum and Has1 profile
in RFP+ cells. These were reported to be crucial for fibroblast characteristics [18]. Lung tissue sections were applied for RNAscope technology of Lum or Has1. We found that a subset
of RFP+ cells in the vessel wall was colocalized
with Lum and Has1 in SuHy-induced PAH mice,
of which the expression was impaired after
treatment with dexlansoprazole (Figure 5J, 5K).
Thus, dexlansoprazole inhibited VSMC transition to fibroblast-like cells and vascular fibrosis
in SuHy-induced PAH in mice.
Discussion
Pulmonary artery hypertension (PAH) is a rare
but life-threatening cardiopulmonary disease.
The mortality rate caused by PAH is about 15%
in the first year and the median survival is only
2-3 years [19], though anti-PAH drugs have
given substantial progress in recent years. The
efficacy of current drugs for PAH is limited on
account of the complex pathology [20]. It is
urgent to develop effective medicines to prolong the life span and improve PAH patients’ life
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Figure 4. Dexlansoprazole inhibits PDGF-BB induced overproliferation and migration of PASMCs. A. Rat PASMCs
were cultured with dexlansoprazole for 24 h and cell viability was measured by MTT assay. Proliferation rate without
dexlansoprazole served as 100% (n = 3). B. Rat PASMCs were cultured with and PDGF-BB (20 ng/mL) and dexlansoprazole for 24 h. Cell viability was measured by MTT assay. The proliferation rate without PDGF-BB or dexlansoprazole served as 100%. **P < 0.01; ***P < 0.001 (n = 3). C. Representative photomicrographs of wound healing
assay. D. Quantification of migration width in wound healing assay. **P < 0.01; ***P < 0.001 (n = 3). E. Representative photomicrographs of transwell migration chamber assay. F. Quantification of migrated cells in transwell assay.
Scale bars: 50 μm for 10x and 200 μm for 10x. ***P < 0.001 (n = 5).

quality. sGC is a new therapeutic target for PAH
sinceits stimulation can induce vasodilation.
We have previously found that sGC might be a
target of dexlansoprazole [16]. cGMP generated from GTP catalyzed by sGC is a critical second messenger in the NO pathway. Therefore,
we evaluated cGMP generation in plasma from
MCT-induced PAH rats. Interestingly, dexlansoprazole could significantly increase cGMP con-
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centration (P < 0.05) while preventing experimental PAH.
PAH rodent animal models have been widely
used for further understanding of this disease
and pharmaceutical development. Our data
displayed that dexlansoprazole significantly reduced abnormally increased RVSP and RV
hypertrophy in rodent PAH models (MCT-in-
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Figure 5. scRNA-seq analysis of pulmonary artery smooth muscle cells. A. Schematic showing genetic lineage tracing by Myh11-CreER. B. Sketch of the experimental design. C. Immunostaining for tdTomato and Myh11 on lung
tissues (20x). D. Flow cytometry quantification of the number of tdTomato+ cells and tdTomato+ Lgr6- cells. E. Visualization of unsupervised clustering in a Uniform Manifold Approximation and Projection (UMAP) plot of 4933 RFP+
Lgr6- cells isolated from lung tissue. F, G. Gene expression pattern of common endothelial marker genes in cluster
0, 1, 4, 5. H, I. Gene expression pattern of fibroblast marker in cluster 2, 3, 10. J, K. Detection of the mRNA of Has1
and Lum in the pulmonary artery using RNAscope in situ hybridization. Scale bars: 10 μm for 20x

duced, hypoxia-induced PAH in rats and SuHyinduced PAH in mice). Lung morphology and
α-SMA staining revealed that pulmonary vascular remodeling was alleviated after dexlanso5476

prazole intervention. Dexlansoprazole is a classical proton pump inhibitor (PPI), which was
approved for use in 2009 for the treatment of
gastroesophageal reflux disease (GERD) throuAm J Transl Res 2022;14(8):5466-5479
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gh the blockage of H+/K+-ATPase in the parietal
cells [21]. PPIs are reported to have few serious
side effects and can be even used during pregnancy. Recent studies have shown that PPIs
possess various biological functions that might
be irrelevant to acid suppression [22-24]. Some
retrospective studies found PPIs could improve
outcomes in idiopathic pulmonary fibrosis (IPF)
[25]. The conditional use of PPIs for treating
IPF has been recommended in evidence-based
guidelines. Esomeprazole was also reported to
possess anti-fibrotic activity, reduce collagen
expression in the lung tissue and inhibit progression of bleomycin-induced lung inflammation and fibrosis in rats [26].
VSMCs, fibroblasts and endothelial cells have
been shown to participate in vascular fibrosis,
which is one of the key pathogenic events of
PAH [27, 28]. Multiple smooth muscle cell subpopulations existing in the pulmonary artery
are charactered by plasticity [29]. We found
that RFP+ cell-originated fibroblast-like cells
mainly consist of fibroblasts, smooth muscle
cells and myofibroblasts. It was reported that
Has1+ fibroblasts were found restricted to the
immediate subpleural region, whereas PLIN2+
and Lum+ fibroblasts appeared diffusely to parenchymal regions in pulmonary fibrosis [18].
Single-cell RNA sequencing and genetic lineage
tracing were applied to display the relation of
RFP+ Lgr6 - cell-derived Has1+ and Lum+ fibroblasts in vascular fibrosis after dexlansoprazole inhibition. Moreover, we found that the
expansion of a specialized subpopulation of
SMCs was accompanied by the transient loss
of Myh11 expression during the vascular remodeling process, which is consistent with a
study reported previously [30].
Hypoxia exposure also increased endothelial to
mesenchymal transition (EndoMT) [31], which
is a process whereby an endothelial cell (EC)
undergoes phenotypic transition towards a
mesenchymal cell [32, 33]. Limited overlap
between lineage-traced ECs and SMCs markers was shown in a monocrotaline pyrrole/
pneumectomy model by lineage tracing study
[34]. This is consistent with our previous finding that Myh11+ Lgr6 - cell-derived endotheliallike cells are a heterogamous population that
includesECs and mesenchymal cells [35].
Several treatment options identified for PAH
have played a critical role to promote patients’
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life quality [36]. However, PAH is still a threat,
with high mortality. Riociguat, an sGC stimulator, is a novel targeted therapy for PAH.
Hypotension is an adverse effect of riociguat
[37], since its non-selectively targets the pulmonary arteries. Women are required to participate in the Risk Evaluation and Mitigation
Strategy (REMS) program due to the teratogenicity of riociguat [38]. In contrast to riociguat,
PPIs are well tolerated and safe even in pregnancy [39, 40]. In this study, dexlansoprazole
could increase cGMP production in plasma,
indicating that this compound might be able to
activate sGC. In the present study, we discovered that dexlansoprazole inhibited Myh11+
VSMC transition to fibroblast which has not
often been reported. In light of our current findings, further research is needed to elucidate
the exact molecular anti-fibrosis mechanism.
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Figure S1. GO analysis of cell cluster 2, 3 and 10. A. GO analysis of cell cluster 2. B. GO analysis of cell cluster 3. C.
GO analysis of cell cluster 10.
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